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fltTcomponent membranes, electrochemical reactor and use of membranes and 
reactor for oxidation reactions. 



@ Solid membranes comprising an intimate, gas-impervious, multi-phase mixture of an electronically-conduc- 
tive material and an oxygen ion-conductive material and/or a mixed metal oxide of a perovskite structure are 
descried. Eecrrochemicai reactor cells and reactors are also described for transporting oxygen from any 
oxygen-containing gas to any gas that consumes oxygen. The reactor cells generally comprise first and second 
zones separated by the solid membrane. The reactor call may further comprise a catalyst in the first zone. 
Processes described which may be conducted with the disclosed reactor cells and reactors include, for example* 
the partial oxidation of methane to produce unsaturated compounds or synthesis gas, tha partial oxidation of 
ethano. extraction of oxygen from oxidized gases, ammoxidation of methane, etc Tine extraction of oxygen from 
oxidized gases may be used for flue or exhaust gas clean-up. 
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NOVEL WOUO MULTI-COMPONENT MEMBRANES, ELECTROCHEMICAL REACTOR AND USE OF MEM- 
BRANES AND REACTOR FOR OXIDATION REACTIONS 

TECHNICAL FIELD 



This invention relates to the field of electrochemical reactors which facilitate the transfer of oxygen. In 
s particular, this invention relates to multi-component oxygen semipermeable membranes, elecrocnemical 
reactois containing the oxygen semipermeable membrane and electrochemical processes which use the 
oxygen semipermeable membrane to facilitate oxygen transport from an oxygen-containing gas to a gas 
that cc nsumes oxygen. 

10 

BACKGROUND OF THE INVENTION 



Synthesis gas is composed primarily of hydrogen and carbon monoxide. Generally the Hz CO molar 
75 ratio i* from about 0*6 to 8. The production of synthesis gas from light hydrocarbons such as methane and 
naturai gas by partial oxidation Is known. The present invention describes an electrochemical reactor having 
a twr»)hase mixed conductor membrane (hereinafter referred to ss a "solid multi-component membrane - or 
"dual conductor mem&rane*). which facilitates the eiectrocataiytic conversion of light hydrocarbons to 
synthesis gas. 

2Q Otier uses for the electrochemical reactor of the present invention include the partial oxidation of light 
hydrocarbons to Form olefins, extraction of oxygen from one or more oxygen-containing gases such as SO:. 
SOj, MjO. NO. NOs, steam. CO*, ammoxidation of methane, etc 

SUfur and nitrogen oxides, for example, are well known noxious pollutants in gas streams emanating 
from stationary and mobile sources such as power plants, automobiles, ships, trains, etc Sulfur oxides are 

25 known to combine with water vapor to form a highly corrosive vapor causing irritation to eyes and mucous 
membane. damage to metal-containing structures, and environmental harm to vegetation due to acid rain. 
Nitrogen oxides are toxic irritants and are also damaging to the environment. Carbonyl sulfide (COS) is 
another toxic pollutant formed as a product of a reaction between a sulfur-containing compound and carbon 
monoxide in a gas stream effluenL Regulations on the discharge of these pollutants into the atmosphere 

30 have >ecome increasingly stringent The present invention describes an electrocataiytic process and 
eiectrc chemical ceil for removing sulfur anc nitrogen oxides from gas streams which utiPze the chemical 
driving force of a fuel gas. 

U,3. Patent 3.630,879 to Spad! et ai issued en December 2a, 1971. describes a tubular solid oxygen- 
ion electrolyte ceil structure free of electrical conductors for the generation of hydrogen gas by the 
35 dissoc atron of water. A structure is described which consists of a thin continuous cylinder of "internally 
shorts ircuited" solid oxygen-ton material having a first continuous porous electrode structure over its inner 
surface and a second continuous porous electrode structure over its outer surface. 

Oi nalli et aJ in 'Hydrogen Production By Direct Thermolysis Of Water On Semipermeable Membrane". 
C.R. * cad . So. Paris . L 292; 1185-1190 (1981), describe the use of a single phase mixed conductor as an 
4Q oxygeii semipermeable membrane. Using a membrane Of calcia stabilized zirconia at 1400-1800* C. oxygen 
was extracted from steam to produce hydrogen, and the oxygen was transported through the membrane. 

U.S. Patent 4,330,633 to Yoshisato et al issued on May 18, 1982, describes a solid electrolyte for 
selecti /ety separating oxygen from a gaseous atmosphere having a high oxygen partial pressure into a 
gaseous atmosphere having a low oxygen partial pressure. The solid electrolyte is disclosed as composed 
«5 of a shtered body consisting essentially of an oxide of cobait an oxide of at least one metal selected from 
strontium and lanthanum, and an oxide of at least one metal selected from bismuth and cerium. 

Giles et al in "Ruorite-Type Solid Electrolytes As Oxygen Ion And Mixed Conductors". Progress in 
SoKd I Electrolytes. Wheat Ahmad. A. and Kuriakose. A.K.. editors. Energy of Mines and Resources? 
Ottaw;. Canada (1983). proposed that selective oxygen pumping by certain solid oxide electrolytes at 
so tempe atures higher than about 1400* C might be explained by the existence of an internal partial Short 
circuit In the electrolyte. A process in whicn a stabilized zirconia membrane is in an oxygen partial pressure 
gradieit at a temperature between 1400*C and 1800*C is given as an example when selective oxygen 
pumpi ig is thought to occur. 

Nimerous publications describe conventional fuel cells whe'eh completely oxidize methane to carton 
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diacide and water These fuel cells are not designed to conduct chemical processes, but rattier to generate 
ele:tritity from fuel gas and air (or oxygen). The processes conducted in fuel colls are selected for 
conplete combustion rather than partial combustion and require completion of an external electric circuit for 
oxMation of fuel gas to proceed, 
s U.S. Patent No. 4,659,448 to Gordon issued on April 21. 1987, basically describes a process for the 
removal of SO. and NO. from flue gases using a solid state electrochemical ceramic celt. That process 
applies an external electrical potential to electrocataiyticaJly reduce SO* and NO* to elemental sulfur (S) and 
fre*i nitrogen (N 2 ). The oxygen apparently is removed through the solid electrolyte in what amounts to 
ele^rolysis. 

io "Electrochemical Abatement of Pollutants NO* and SO* in Combustion Exhaust Gases Employing a 
Solid-Oxide Electrolyte D.M. Mason, in Gas Stream Cleanup Papers from DOE METC-Sponsored Contrac- 
tan j Review Meetings in 1987 . DO£-M5TC-87;6082. pp 152*159. describes a process for electrochemicaily 
"pumping" oxygen away from the surface of an electrode in contact with oxides of sulfur or nitrogen. The 
pre cess is driven by the application of a voltage anrrcan be considered to be an electrolysis. 

15 U.S. Patent 4,791.079 to Hazbun. issued on December 13. 1988 and filed on June 9. 1988. describes a 
mh:ed ion and electron conducting catalytic ceramic membrane and its use in hydrocarbon oxidation or 
del lydrogenation processes. The membrane is described as consisting of two layers, one of which is an 
impervious mixed ion and electron conducting ceramic layer and the other is a porous catalyst-containing 
ion conducting ceramic layer. The impervious mixed ion and electron conducting ceramic membrane is 

so fur her described at column 2, lines 57*62 as yttria stabilized drconia which is doped with sufficient CeO* or 
titanium dioxide to impart electron conducting characteristics to the ceramic 



SUMMARY OF THE INVENTION 

A solid multteomponent membrane Is described for use in an electrochemical reactor. The solid multi- 
component membrane generally comprises an intimate* gas-impervious, multi-phase mixture of an 
electronically-conductive phase and an oxygen ion-conductive phase and/or a gas impervious 11 single 
oo phise" mixed metal oxides having a perovskite structure and having both electron-conductive and oxygen 
lor -conductive properties. 

An electrochemical reactor ceil for transporting oxygen from any oxygen containing gas to any gas that 
co isumes oxygen is also described which generally comprises a solid multi-component membrane having 
an entrance end. an exit end and a passage therebetween for the movement of one or more gases from the 

os en ranee end to the exit end. wherein the solid membrane is the muiti«component membrane defined 
abave. This electrochemical reactor cell is placed in an environment containing an oxygen-containing gas 
on one side and an oxygen-consuming gas on the other side under reaction conditions of appropriate 
temperature and percentage of respective gases. 

An electrochemical reactor for reacting an oxygen«consuming gas with an oxygervcontaining gas is also 

40 described comprising a shell having an entrance end, an exit end and a passage therebetween for the 
mwment of one or more gases from the entrance end to the exit end and a solid multi-component 
mombrane, positioned within the shell, having an entrance end. an exit end and a passage therebetween for 
movement of one or more gases from the entrance end to the exit end. so that the shell and the solid 
mumbrane together form a first zone for introducing, reacting and expelling a first gas or gas mixture and a 

45 second zone within the solid membrane and separated from the first zone by the solid membrane for 
introducing, reacting and expelling a second gas or gas mixture, wherein the solid membrane is the muiti- 
ccmponent membrane defined above. 

Further Included within the scope of the present invention is an electrochemical process for oxidizing a 
reictant gas. The term 'reactant gas" is defined herein as a gas which is capable of reacting with oxygen 

50 or oxygen ions. 

One aspect of trie present invention is an electrochemical process for oxidizing methane, natural. gas or 
otier light hydrocarbons to unsaturated hydrocarbons or synthesis gas. The electrochemical process 
ge nerally comprises 

(A) providing an electrochemical cell comprising a first zone and a second zone separated from the 
55 first zone by the solid multi-component membrane defined above. 

(8) heating the electrochemical ceil to a temperature of from about 300* C to about 1400* C, 

(C) passing an oxygen-containing gas in contact with the membrane in the first zone, and 

(D) passing methane, natural gas or other light hydrocarbon in contact with the membrane in the 
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secoml zone. 

17 e above process may further comprise 

(E) recovering the product from the second zone. 
Wnen the present invention is an electrochemical process for oxidizing methane, natural gas or other 
s tight h /drocarbcns to synthesis gas. the electrochemical process comprises 

(A) providing an electrochemical cell comprising a first zone and a second zone separated from the 
first zcne by the solid multi-component membrane defined above. 

(8) heating the electrochemical ceil to a temperature of from about 1000* C to about 1400* C. 
(C) passing an oxygen containing gas in contact with the membrane in the first zone, ana 
to (0) passing methane, naoirai gas or other light hydrocarbon in. contact with the membrane in the 

second zone. 

The above process may further comprise 

(E) recovering the synthesis gas from the second zone. 
Ar other aspect of the present invention is an electrochemical process for extracting oxygen from an 
ts Oxygeixontaining gas which comprises 

[A) providing an electrochemical ceil comprising a first zone and a second zone separated from the 
first zcne by the solid mum-component membrane defined abov®. 

[B) passing an oxygen-containing gas in contact with the membrane in the first zone* and 
[Q passing a reactant gas in contact with the membrane in the second zone. 

20 Wien the present invention is an electrochemical process for extracting oxygen from a gas containing 
oxygen other than as free oxygen such as SO*. S0 3 . N*0. NO or N0 2 , the electrochemical process 
comprses 

[A) providing an electrochemical cell comprising a first zone and a second zone separated from the 
first zcne by the solid multi-component membrane defined above, 
25 :B) passing a gas containing an oxygen-containing gas wherein oxygen is present in a form other 

than at free oxygen in contact with the membrane in the first zone, and 

;C) passing a reactant gas in contact with the membrane in the second zone. 
In ane embodiment the electrochemical cell includes a caalyst adjacent to or coated on the membrane 
in the irst zone. 

30 If i desirable product is obtained by the above oxygen exliaction processes, such as synthesis gas. 
unsatu ated hydrocarbons, elemental sulfur, or oxygen-free gas. those processes may further comprise 
recovering the desired product from me zone in which it is produced- Oxygen-free gas may. for example, 
be recovered from the first zone. 

When the preset invention is an electrochemical process for oxidizing methane and ammonia to 

3S hydros en cyanide, the electrochemical process comprises 

A) providing an electrochemical cell comprising a first 2one and a second zone separated from the 
first zone by the solid. multi-component membrane defined above. 

B) heating the electrochemical cell to a temperature of from about 1000* C to about 1400 9 C, 

C) passing an oxygen-containing gas in contact with the membrane in the first zone, and 
4Q 0) passing methane and ammonia in contact with the membrane in the second zone. 

Th 9 above process may further comprise 

£) recovering hydrogen cyanide from the second zone. 



45 BRIEF DESCRIPTION OF THE DRAWINGS 

In he annexed drawings: 

;=ig, i is a side view, and cross*section of a first embodiment of the electrochemical reactor of the 
90 presen ; invention; 

flg. 2 is a top view, and cross-section of a second embodiment of the electrochemical reactor of the 
presen : invention; 

Fig. 3 is a side view, and cross-section of the reactor shown in Fig. 2: 

l-Tg. 4 is an electron photomicrograph back scattered image of the surface of one embodiment of the 
55 soiid rr ulttaomponent membrane of the present invention at 500 times magnification: and 

l*iQ. S is an electron photomicrograph of a cross-section of the same solid multi-component 
membiane shown In Rg. 4 at 5,000 times magnification. 

Rgure 8 is a top view, and cross-section, of a third embodiment of an electrochemical cell useful for 
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a rrying out the process of (he invention. 

Figure 7 is a side view, and cross-section, of the reactor shown in Figure 8. 



OESCRiPTlQN OF THE PRSFEBRE3 EMBODIMENTS 



This invention provides an electrochemical reactor for a continuous process for transporting oxygen 
from any oxygen-containing gas to any reactant gas that consumes oxygen. Processes which may be 

ro conducted with the present invention are. for example, the combustion of hydrogen to produce water the 
Pirtal oxidation of methane or natural gas to produce unsaturated compounds or synthesis gas. the partial 
OMdafton of ethane, extraction of oxygen from oxygerxontaining gases (e.g.. extraction of oxygen from 
* wh8,0, ' n * nas a va,uo from 0-5 to 2. SO„ wherein y has a value from 2 to 3. steam. CO,, etc) 
anmoxidation of methane to hydrogen cyanide, ate. 

« One embodiment of the electrochemical reactor of the present invention may be schematically 
re resented as shown in Fig. i. wnerein the side view, and cross-section of the reactor 1 shows a first zone 
2 separated from a second zone 3 by a solid m 0 lti«component membrane 4. The outer perimeter of the first 
«ne is defined by reactor tube S and the outer perimeter of the second zone is defined by reactor tube 6. 
Riiactor tubes 5 and 6 form a gas-tight seal with membrane 4 by means of glass seals 7 and 8. 
20 respectively. Feed tubes 9 and 10 conduct the oxygen-containing gas 1t and oxygen-consuming gas 12 
nro zones 2 and 3. respectively. Exit ports 13 and 14 permit reacted gases 15 and 16 to escape zones 2 
ard 3. respectively. 

In practice, an oxygen-containing gas or gas mixture, such as air. is passed in contact with the solid 
mjmorane in the first zone, and the oxygen-consuming gas or gas mixture, such as a reactant gas-contain 
25 inu feed gas. is passed in contact with the solid membrane in the second zone. As the oxygen-containing 
gz* or gas mixture contact the solid membrane, oxygen is reduced to oxygen ions which are transported 
thiough the solid electrolyte to the surface facing the second zone. At the second zone, the oxygen ions 
retct with the oxygen-consuming gas or gas mixture, oxidizing the oxygen-consuming gas and releasing 
en ictrons. The electrons return to the surface facing the first zone via the solid membrane. 
00 In one embodiment the Oxygen-consuming gas is methane or natural gas. and the oxygennMntaining 
gas or gas mixture is air. As air contacts the membrane, the oxygen component of air is reduced to oxygen 
•oiis wh.ch are transported through the membrane to the second zone where the oxygen ions react with the 
mothane to produce synthesis gas or olefins, deoending on the reaction conditions. 

In another embodiment, the oxygen-consuming gas is methane, natural gas. or hydrogen and the 
35 ox/gen-containing gas is a flue or exhaust gas containing NO, and-or SO r wherein x and y are defined as 
afcave. As the flue gas contacts the membrane, the oxygen of NO, and'Or SO, is reduced to oxygen ions 
wtich are transported through the membrane to the second zone where the oxygen ions react with the 
ox/gen^onsum.ng gas to produce carbon dioxide and water, synthesis gas or olefins, depending on the 
reaction conditions. Nitrogen gas and elemental sulfur are electrechemicaJly produced from NO, and SO*. 
40 respectively, in the first zone. * 

In yet another embodiment of the present invention, the oxygen-containing gas is a gas containing 1 ^ 
swam <i.e., H 8 0 gas). As HjO contacts the membrane, the oxygen of H a O is reduced to oxygen ions which 1 
a/o transported through the membrane to the second zone where the oxygen ions react with methane or ' 
na.ural gas. for example. The H a O is reduced to hydrogen gas (H a ) in the first zone. The hydrogen gas may 
45 be recovered and used, for example, to hydrogenate unsaturated hydrocarbons, provide fuel for an 
eitctncal current generating fuel cell, to provide fuel for heating the electrochemical cell of this invention or 
to provide a reactant gas for the electrochemical process for extracting oxygen from an oxygen-containing 
gas in accordance with the present invention. 

Materials which are copresent may participate in electrochemical reduction or oxidation taking place at 
so tin i membrane of the present invention. When, for example, methane is present with ammonia in the second 
20 ie and an oxygen-containing gas is present in the first zone, hydrogen cyanide and water may be 
produced electrochemicalty in the second zone- 
Other combinations of materials reactive with each other to produce a wide range of products are 
possible and are contemplated as being within the scope of the present invention. 
55 The terms 'oxygen-consuming gas", "reactant gas # and 'oxygen-containing gas" herein include 
miienals which are not gases at temperatures below the temperature ranges of the pertinent process of the 
prnsent invention, and may include materials which are liquid or solid at room temperature. An example of 
an oxygen-containing gas which is liquid at room temperature is steam. 
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A;? mentioned above, the solid mult-component membrane used in the electrochemical reactor of the 
present invention may be an intimate, gas-impervious, multi-phase mixture of any eiectrcnccaiiy-conducting 
mater a! with any oxygen ion-conducting materia] andor a gea impervious 'single phase" mixed metal 
oxide: i having a perovskite structure and having both electron-conductive and oxygen ion-conductive 
5 properties. The phrase w gas-impervious' is defined herein to mean 'substantially gas-impervious or gas- 
tight* in that the mixture does not permit a substantial amount of the above-described oxygen-consuming or 
oxygen-containing gas to pass through the mixture as a gas (i.e., the mixture is ncn-pcrcus, rather than 
porous, with respect to the relevant gases). In some cases, a minor degree of perviousness to gases might 
be acceptable or unavoidable, such as when hydrogen gas is present 
'o The term "mixtures* in relation to the solid multi-component membrane includes materials comprised of 
two cr more* solid phases, and single-phase materials in which the atoms of the various elements are 
intern ingled in the same solid phase, such as in the yttria-stabifized Zirconia mentioned below. The 
examples of preferred metal-doped metal oxides are single-phase materials whereas the phrase 'multi- 
phase mixture" refers to a composition which contains two or more solid phases interspersed without 
is forming a angle phase solution. 

Ir other words, the multi-phase mixture is "multi-phase", because the electronically-conductive material 
and die oxygen ion-conductive material are present as at least two solid phases in the gas impervious solid 
memljrane, such that the atoms of the various components of the multi-component memOrane are. tor the 
most part not intermingled in the same solid phase. 
zo Tie multi-phase solid membrane of the present invention differs substantially from •doped - materials 
known in the art A typical doping procedure involves adding sn^all amounts of an element or its oxide (i.e.. 
dopant), to a large amount of a composition (i.e., host matenaJ). such that the atoms of the dopant become 
perm.mentiy intermingled with the atoms of the host material during the doping process, whereby the 
maten'al forms a single phase. The multi-phase solid membrane of the present invention, on the other hand. 
55 comp.ises an oxygen ion conductive material and an electronically conductive material that are not present 
in th€ dopanthost material relationship described above, but are present in substantially discrete phases. 
Hencu. the solid membrane of the present invention, rather than being a doped material, may be referred to 
as a iwo-phase, duaiHwductor. multi-phase, or multi-component membrane. 

Tie multi-phase membrane of the present invention can be distinguished from the dooed materials by 
jo such routine procedures as electron microscopy. X-ray diffraction analysis. X-ray adsorption mapping, 
electron diffraction analysis, infrared analysis, etc., which can detect differences in composition over a multi- 
phasi. region of the membrane. An example of such physical evidence of multi-phase composition is the 
electron photomicrographs shown as Fig. 4 and Fig. 5. A detailed explanation of Fig. 4 and Fig. 5 follows 
Examples 1-5 below. 

35 Typically, the oxygen ion-conducting materials or phases of the dual-conductor are solid solutions 
formed between oxides containing divalent and trivalent cations such as calcium oxide, scandium oxide, 
yttrium oxide, lantnanum oxide, etc., with oxides containing tetravaient cations such as zirconia, thoria and 
ceria or the oxygen ion-conducting materials or phases comprise an oxygen ion-conductive mixed metal 
oxide of a perovskite structure. Their higher ionic conductivity is believed to be due to the existence of 
40 oxygon ion site vacancies. One oxygen ion vacancy occurs for each divalent or each two trivalent cations 
that ;tre substituted for a tetravaient ion in the lattice. Any of a large number of oxides such as yttria- 
stabil 2ed zirconia. doped ceria. thoria-based materials, or doped bismuth oxides may be used. Some Of the 
known solid oxide transfer materials include Y 2 0;r stabilised ZrCfe, CaO stabilized ZrOz. Sc-0i-stabili2ed 
2r0 7 Y*0i-stabi!i2ed Si a 0 3l Y 5 0 3 -stabiii2ed CeO?. CaO-stabilized CeO*. TT1O5. Y : Oi-stabilized ThO*. or 
*s Th02, ZrCh. BijOi, CeOj. or HrOa stabilized by addition of any one of the lanthanide oxides or CaO. Many 
other oxides are known which have demonstrated oxygen ion-conducting ability which could be used in the 
multi* phase mixtures, and they are included in the present concept 

Preferred among these solid electrolytes are the Y 2 0 3 - (Yttria) and CaOHcalcia) stabilized ZrOa - 
(zirania) materials. These two solid electrolytes are characterized by their high ionic conductivity, their 
50 oxygon ion conduction over wide ranges of temperature and oxygen pressure, and their relatively low cost 
lit addition, the inventors have found that mixed metal oxides having a perovskite structure fat operating 
temperatures) can have very good oxygen ion conductivity. The torm •perovskites 11 refers to a class of 
mateiais which have a structure based upon the structure of the mineral perovskite. CaTlOr In its idealized 
form, the perovskite structure has a cubic lattice in which a unit cell contains metal ions at the comers of 
55 the cell, another metal ion in its center and oxygen ions at the midpoints of tne cube's edges. This is 
refened to as an ABOvtype structure, in wnicn A and B represent metal ions. 

In general, perovskite structures require that the sum of i*e valences of A and B ions be 6. and me 
reiati Dnship between the radii of the ions in an ABOi structure containing two metal ions may be expressed 
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by the formula 

r A ♦ r* = tvTto + rx) 

whjrein r A . r 8 and r x are the radii of the A ion. B ion and oxygen ion. respectively, and t is a "tolerance 
facor- which may lie within the approximate range of 0.7- 1.0. In general, compounds having the perovskite 
5 stmcture have an A ion with a radius of between about 1 .0 to about 1.4 angstrom and a 8 ion with a radius 
of between about 0.45 to about 0-75 angstrom. The inventors find generally that when mixed metal oxides 
of i perovskite structure contain A ions having radii approaching the tow and of the A Ion radius range for a 
given 5 ion as determined by the above formula, then gxygen ion conductivity generally increases. This 
trend toward increased oxygen ion conductivity can, however, be limited by greater instability of the 
to peiovskite structure at operating temperatures as A ion radii approach the lower Grnit of the desired radii for 
peiovskftes having a given B ion. 

A wide variety of elements and oxides of elements may be used to form perovskites useful in the 
present invention. In general, any combination of metairic elements which satisfy the requirements of a 
peiovskite may be used. Typical examples of such elements are the lanthanides. the metals of Groups la 
ts ami Ha. the transition elements. Al. Ga. Qe f eta Examples of preferred elements include La. Co, Sr, Ca. Fe. 
Cu. Ni. Mn, Or, Y. Ba, TL Ce. AJ. Sm. Pr. Nd, V. Gd. Hu. Pb. Na W. Sc. Hf, Zr, oxides thereof, and mixtures 
thereof. Si and'br Ce are typically not required In the preferred embodiments, but may be present if 
de-ired. Preferably. Bi and/or Ce are present in amounts less than 13 morV More preferably. Bi andor Ce 
arc present in amounts less than about 10 mol%. 
so Preferred examples of A metals in the ABOj-type materials useful in the present Invention include the 
lanthanides (U, Ce, Pr, Nd, Pm, Sm. Eu. Gd, Tb. Dy. Ho, Er. Tm, Yb. and Lu), yttrium and the alkaline 
eaith metals, particularly Mg. Ca, Sr, and Ba. 

Preferred 8 metals in the AB0 3 materials for the present invention include the first row of transition 
elements, namely Sc. 71, V, Cr. Mn. Fe. Co. Ni. Cu, and Zn. Among these elements, cobalt is more 
25 preferred. 

The perovskite structure is tolerant of a wide variety of multiple cation substitutions on both the A and B 
situs, so that a variety of more complex perovskite compounds containing a mixture of A metals and B 
m« tals are useful for this invention. Perovskite materials containing more than 2 elements besides oxygen 
art preferred. 

ao Examples of mixed metal oxides having a perovskite structure which are useful as solid oxygen ion- 
co iductive electrolyte in the present invention include lanthanum-strontjum-cobaltite. lanthanum-strontium- 
fente, lanthanum-caldum-cobaltite, strontium-femte. strontium^cobaitjte. gadolinium-strontium-cobaltite. 
etc.. and mixtures thereof. Specific examples are U.Sr h Co0 3 , La # $r&Fa0 3 , U.CaaCoOj. SrCo,Fe*0 3 . 
GCgSrftCoOa, etc, wherein a and b are numbers, the sum of which equals 1. The molar ratio between the 

js respective metals represented by a:b may cover a wide rang*. Typical doping ratios of a;b are 4:i, 3-1 1-4 
13. etc. 

Useful ABOa-type compounds and how to make them are described in Dow Chemical Company's PCT 
Acplication No. 83085508. published on March 9. 1989 under Publication No. WO 89'01922; Muller and 
Rcy. The Major Ternary Structural Families", pp. 175-201 (1974); Lines. M,E. and Glass. A.M. -Principles 
40 anj Applications of Ferroelectric* and Related Materials ": pp. 280-92 and Appendix F. pp. 620-32 
(Carendon Press). Oxford (1977); and Evans, fl.D,. "An Introduction to Crystal Chemistry *, Cambridge Univ. 
Pn>ss., Cambridge. 2nd ed (1964), pp. t 67-71, Each of these references is hereby incorporated by 
reiarence for their disclosure relating to perovskites. 

The electronically-conducting material or phase of the membrane can be any material which exhibits i 
<$ su ficient electronic conductivity under the conoitions of the reaction. Typically, the electronically-conducting 
phase is comprised of one or more metals or metal oxides which display appreciable electronic conductivity 
at reaction temperatures. Suitable metals include silver, gold, platinum, rhodium, ruthenium, palladium. 
ni< kel, cobalt copper, etc. among wnich palladium and platinum are pt*terT#l. Examples of suitable metal 
ox des include bismuth oxides. tin*indlum oxide mixtures, praeseocrymium-indlum oxide mixtures, cerium- 
so lar thanurn oxide mixtures, niobium-titanium oxide mixtures, electron-conductive mixed metal oxides of a 
perovskite structure, etc.. among which the metal-doped metal oxides, such as praeseodymium^oped 
indium oxides, tin-doped indium oxides, cerium-doped lanthanum oxides, niobium-doped titanium oxide 
mixtures, electron-conductive mixed metal oxides of a perovskite structure, etc., are preferred. Among tne 
mutal-doped metal oxides, praesecdymium-doped indium oxides and mixed metal oxides are the mast 
55 pr jferred. 

in many ABOa-type mixed metal oxide ccmpounds. the actual structure is a continuum of a 
pssudojymmetric variant derived from the perfectly symmetrical simple cubic structure by small displace- 
ments of the ions, in some cases these displacements result in a slight distortion of the unit ceil, tne 
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symmetry of which is accordingly reduced to tetragonal or orthorhombic. and in otnei ^GV&jlJ**, 

such hat adjacent cell* are no longer precisely identical so thai the true unit cell come ' 

of the smaller units. The ferroelectric properties of many of these oxides are due to i 
an ideal structure. 



Electron-conductivity of mixed metal oxides having a perovskite structure general!]' 
A ion is partially substituted, or "doped", with a divalent metallic cation, such as 8a. 
toward greater electron-conductivity is often accompanied by greater instability at opj 
Perovskites partially decomposed into a different structure might have electron conductivity which differs 
substi ntially from that of the original perovskite structure. 
to Tlie electron-conductive mixed metal oxide materials can be selected from any of the above-described 
dopec perovskites. Specific examples include lanthanum-strontium manganite. lanthanum-atrontium cobait- 
ite. Unmanum-magnesium chromite. lanthanum-chromium ferrite. lanthanum cobaltite. yttrium-barium 
cupriti. (e.g.. YBaaCujO, wherein x is a number in the range from 6 to 7), etc, and mixtures thereof. 

As: mentioned above, the solid multi-component membrane used int he electrochemical reactor of the 
fs presaiit invention may. as an alternative to a multi-phase multi-component membrane or in addition to the 
moitiiihase material, comprise a gas impervious "single phase" mixed metal oxides having a perovskite 
structure and having both electron-conductive and oxygen ion-conductive properties. Many of the af- 
oredeisribed perovskite- type materials are suitable for this aspect of the present invention. Specific 
examp les of perovskite materials which are useful include, but are not limited to. the following materials: 
20 LaCo(b; 
La«Sr«CoOi: 
La 2 Sr, CoOa; 
YCoQ ; 
Y8a 2 Cu 3 O x 

rs wherein x is a number in the range from about 6 to 7. etc. 

Mixtures of perovskites with additional conductive metal or metal oxide are also useful in preparing the 
multi-component membrane used in the present invention. The additional conductive metal or metal oxide 
may te the same as. or different from, the elements present in the perovskite. The additional conductive 
metal or metal oxide has been found to form a separate phase from the perovskite material upon heating. 
jo proving additional conductive materials through the perovskite to form election-conductive pathways 
througi the membrane. In a preferred embodiment, the multi-component membrane compnses a mixture of 
a percvskite. such as lanthanum-cobaltite or lanthanum-strennum-cobaltite. and an excess of a conductive 
metal v metal oxide such as an excess of cooatt metal in a cobalt-containing perovskite. 

The inventors have found that some perovskites tend to be somewhat more electron<onductive as 
2S opposed to oxygen ion-conductive, whereas other perovskites tend to be somewhat more oxygen ion- 
COndu-Jtfv*. as opposed to electron-conductive. In a preferred embodiment the multi-component membrane 
compr ses a mixture of two or more perovskites. each perovskite having advantages in electron-conductivity 
or oxy jen lorvconductivity. and may include additional conductive metal or metal oxide as discussed above. 
Perovskrtes also have varying degrees of stability with regard to the presence of a reducing gas and 
40 other ^active gas components. Since me process of the present invention exposes the membrane surface 
to suc;i reactive components, it may be desirable to protect the surface of the multi-component membrane 
by for -nulating me surface of the membrane, or coating the membrane, with metal, metal oxide or 
perovskite which has stability towards the gas in which it will be in contact when in use. Making me final 
layer cf a perovskite multi-component membrane a layer which contains a lanthanide and chromium, raiher 
* than a lanthan.de and cobalt, for example, would be one way to help preserve the stability of the surface 
expos* d to a reactive gas such as a reducing gas. 

TTiase multi-phase multi-component membranes may contain from about 1 to about 75 parts by volume 
of an electron-conductive material and from about 25 to about 99 parts by volume of an oxygen ion- 
conductive material. The elements Bi. Ce. and Ti. individually or collectively, may be excluded in the 
so preferrjd embodiments. 

Tha multi-component membrane is fabricated by combining at least one of the electronically-conducting 
materiitls with at least one of the oxygen ion-conducting materials and shaping the combined materials to 
form a dense, gas-tignt. multi-phase solid membrane, In paflicular. the solid membrane may be prepared 
by a p ocess which comprises the steps of 
ss A) preparing an intimate mixture of at least one materia which is electronically-conductive and at 

least oie oxygen ion-conductive material. 

B) forming the mixture into a desired shape, and 

C) heating the formed mixture to a temperature of at least about 500 *C to form a cense and solid 
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The 50Hd membrane may also be prepared from at least one metal oxide, the metal of which is 
el< ctronically^onducth/e. by a process which comprises the steps of 

(A) preparing an intimate mixture of at least one metal oxides the metal of which is efectronically- 
s conductive, and at least one oxygen ion-conductive material. 

(B) heating the mixture at an elevated temperature in a reducing atmosphere to reduce the metal 
ox de to metal. 

(C) forming the reduced mixture into a desired shape, and 

(O) heating the formed mixture to a temperature of at least about SOCTc to form a dense and solid 
io mimbrane. 

In another embodiment a solid membrane having electron^nductive and oxygen ion-conductive 
properties may be prepared from a single material, such as the above-described perovsJotes. A variety of 
po vder preparation methods may be used to prepare such solid membranes. Suitable methods include 
preparation from oxides, thermal decomposition of nitrates or acetates, and a citric acid preparation method 
/s As one example, the solid membrane may be prepared from the oxides by a process which comprises 
the steps of; 

(A) preparing perovskite powder containing the above-described A and 8 metals. 

(B) forming the mixture into a desired shape, and 

(C) heating the formed mixture to a temperature sufficient to form a dense and solid membrane 
20 haWng electron-conductive and oxygen ion-conductive properties. Typically, the temperature for this step is 

at east about 500 C, and is generally at least about 1,000' C. 

Preparation of mixed metal oxide compositions by thermal decomposition of nitrates and acetates 
comprises the steps of: 

(A) dissolving nitrate andor acetate salts of the desired elements in a polar solvent such as water. 
» (8) heating the solution obtained in step (A) to remove the polar solvent until a solid powder is 

obtained, 

(C) forming the mixture into a desired shape, and 

(D) heating the formed mixture to a temperature sufficient to form a dense and solid membrane 
haiing electron^onductive and oxygen ion-conductive properties. Typically, the temperature for this step is 

so at faast about 500 C. and is generally at least about 1000 ' C. 

Preparation according to the citric acid preparation method includes 
(A) mixing nitrate and/or acetate salts of the desired elements in a polar solvent such as water, 
coi raining citric acid in solution, 

(8) heating trie mixiure to an elevated temperature to form a solid powder, 
OS (C) farming the mixture into a desired shape, and 

(D) heating the formed mixture to a temperature sufficient to form a dense and solid membrane 
ha\ing electron-conductive and oxygen ion-conductive properties. Again, typically, the temperature for this 
ste? is at least about 500 C, and is generally at least about 1000* C. 

In the above processes for making the multi-component membranes a binding agent Is generally added 
<Q to 'he mixture prior to the final heating step to aid in binding the metal and/or metal oxide particies to form 
a cesired shape. The agent is preferably a materiaJ which does not interfere with the formation of a dense 
anc solid membrane in the final step of heating the formed mixture to a temperature of at least 500' C and 
is <rapable of being easily dispersed in the mixture. Such a binding agent may, for example, be a wax or 
pa/affinic hydrocarbon dispersed or dissolved in an appropriate solvent A specific example of a binding 
<s agtnt is Carbowax 20MTU (Supelco) dissolved in sufficient chloroform to distribute a binding amount of wax 
on fhe electronically-conductive and oxygen ion-conductive partJdes. 

Modification and/or additional formation of perovskite structures may occur under reaction conditions in 
the reactor cell comprising the mixed metal oxides of perovskite structure. 

The sond membrane may comprise the multicomponent membrane optionally deposited on a solid 
so maeriai which is porous to the reactant or product gases and which functions as a support tor the solid 
membrane- The porous solid may be any material which achieves the desired objective as long as it does, 
not interfere with the reaction process under reaction conditions. Any of a large number of oxides, including 
ytt/ a-stabili2ed zirconia, doped ceria. thoria-based materials, or doped bismuth oxides mentioned as 
oxygen-conducting materials and various other metal oxides may be used. Examples include CaO-stabifized 
5S ZrOi: Y : 0 3 -stabilized ZrO*; ScjOa-stabilized Zr0 7 ; Y 2 03-stabill2ed BI ? O a : YaOa-stabillzed CeO*; CaO- 
stajilized Ce0 2 : T*O a ; Y 2 Oj-$tabilized Th0 2 ; Th0 2 . ZrCh. Bi 2 0 3 . CeO* or HKh stabilized by the addition 
of f/ty one of the lanthanide oxides or CaO; AI 2 Oa; etc. 

The membranes of the present invention may be aooiied to a supporting substrate by any technique 
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SASitSSirr? 8 T"* 3UbStrat6 - «^9«*b a porous substrate. coWmprsgnat.no a 
pore* support substrate, or any other technique commonly used to prepare ceramics Aft Jn^iv 

2?2S2LJT * . m6n,brane pracursor * form a «■* ^tur«. or until it « gas-bdht 

21??? SL ^ m6mbrane3 ,0 a s W structure and further heat treating to achieve the 
finked, supported membrane. Other techniques are possible so long as the supportng LbstnVolS 

em J^?2 inVef l d0n T h,rth0r te 8x8rT, P nfied ^ reference to Rgs. 2 and 3 which illustrate o«her 
^ f " e,eC ^ Che "* ica ' ce " "** membrane of me invention. Rg. 2 is a ££2Z 
elect ochemwal cell useful in an embodiment of the electrochemical reactor of the oreaL inLLZ 
olfferant from the eiectrochemicai reactor shown in Fig. ,. and Rg. 3 ifa stdTvU £ /SSlSE of 
9m sane cell as that shown in Rg. 2. , n both Rgs. 2 and 3. the electrochemical eel compris^TsS 20 h 
TmZ?*?*; ^ ,ndtiCai 21- As can be seen^oT^ ££££ 

enoS^ZSt o^V' ** Ce " C °" tainS 30 inn6r PaS5a 9 e 22 the core 21 travers-e^ento 

iri practice, the process of the present invention is conducted with an apparatus such as illustrated in 
Rgs. 2 and 3 by passing, tor example, an oxygen^onsuming gas throug StaSr ?££m 

!? 3 01 *• ^^cuctor core 21 is converted to oxygen ions which migrate through the SOW core 21 
te tin, .ns.de surface of the core 21. At the inaide surface of .he core 21 fhe Lq^hm ?mSS!£ 

eiectrans wh.ch travel from the .ns.de surface of the core 21 to the outside surface of the core 21 

M J^*JrL ProCaSS °' C ° UrSe - b ° reversed by P 335 '^ 30 ^"-containing gas through the inner 

toZe 9 SUrfaM °' ** C0r8 21 ** e,ectrons wou " 3 » ** iw* 



35 



Topically tor a process in which synthesis gas is made from lighter hydrocarbons tor examole ana or 
core" JET?" *" ^ * « " 8 

deSsii L^hLT™^ SUP T : 0maily °" 1,16 ° UtSide aurface °' me m * mbrane - However, the 
fcS n JT to ., USe ,0f 108 °W"«»iumjng gas and the oxygen-contain-ng gas. and tne 

S In If ml 7 UP ?° a " rT'" depWd 00 WWCh cement is most surtable JuVpScuiir 
appkanon of tfie present .nvennon. Oeterminat.on of the most aopropriate arrangement « well wZ the 
ab.bty of one of ordinary skill to determ.ne without undue experimentation. 



Optioi ial catalyst 

Tlie electrochemical cell utilized in the process of the present invention may ootionally contain a 

S J I m ?' *f ,nV9nt0r3 haV9 feund ftaI me presence °' a ««v« can facilitate reduction of 

? n,tr0Gen and °' fadli,at8 or carbonyl sulfide at (he first conductive 

surfac* (i.e.. cathode) of the electrochemical cell. conoucove 

can V t ?™~2T~ aV . ^ Pr< ! 5 ! nt " 8 fi ' m ° ver tt1e surfaC8 of ** soW m "*w of the electrochemical 
^ T» !Z« «TT* 8t , ? SlJrfaC8 °' ^ S0 ' id rr9, " bran8 ^ «ne membrane 

m* T,rT 8m h b0dim8nL 9)9 P rocess ™y be ""ducted in a ceil such as shown In Rgs. 6 and 7. wherein 
tf» scBd. muto-ccmpenent membrane 33 has a first surface 34 which is capable of reducing oxygen to 
oxyg«, .ens Adjacent to the fir* surface 34 i 8 a first passageway 36 containing the catalystls The 

ssssx" 3r nd surfaco 32 capab,e of faartn9 oxygen ions wiw " i k 

T>9 preforred embodiments of the electrochemical process fallow. 
elearc.hem.caJ reactor of the present invention is conducted a: a temperature of from about tCO0 ? C to 
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f £f-^ T °"? embodiment * e P««« s conduced at temperature* within the range G f ,ooo to 

♦ 6e ^ 0,ytiC may be h9atsd 10 *• d9 *" d temperature and the tempeXe may\e 

rr amtained dunng fte reaction by external heating and/or the exothermicity of the reaction. 

The oxygen<ontaining gas which is passed in contact with the solid membrane on the side facing the 

I13!L?1 PU ™ ° XySe0 ' W "* 0th8r 988 containi "9 « .east 1% free oxygen. In another 

J? oxygen-containing gas contains oxygen in o*er forma such a, N s O, NO So,. soTST 

SlEiSfL * e oxy 9 en - con{ainirt 9 «« stains at least about 1% free oxygen, and more 

peferably the oxygen-containing gas is air. 9 

,o c ,,m^L f ^H e l W !l Ch are J reated in with this process for making synthesis gas may 

!TT 9W n y dro « feons 5ucn * ethane. n«OTi gas. othane. or other light hydrocaXn mixtures t2 
»M gas can be either wellhead natural gas or processed natural gas. The composiionof the^sled 
2ITX vanes witti the needs of the ultimate user, a typical processed natural gas composition conSns 
at .out 70* by weight of methane, about 10% by weight of ethane. 10% to 15% ofCO,. and the Mta* 
made up of smaller amounts of propane, butane and nitrogen. 

'* a ,™t " 9 . ht hydroC8rbon aas can be vrith any inert diluent such as nitrogen, helium, neon 

argon, krypton, xenon, or any other gas. including steam, which does not interfere with the desired reaction. 
n trogen and steam are diluents of choice. 

The synthesis gas produced by this process of the invention at the solid membrane surface facinq the 
* Mnd *° ne " 5UbstantiaI, y nitrogen-free and comprises a mixture of hydrogen and carbon monoxide and 
20 may contain some acetylene or ethylene or both. The synthesis gas also contains onty small amounts of 
«roon dioxide. The synthesis gas car, be converted to liquids using the Recher-Tropsch process and can - 
Of i converted to methanol by commercial processes. 

(2) The electrochemical process for oxidising methane, natural gas or other light hydrocarbons to 
ur saturated hydrocarbons in accordance with the present invention is conducted utilizing the electrochemi- 
as Cil reactor of the present invention at a temperature of about 300' C up to but not including 1000* C In one * 
embodiment the process is conducted at temperatures within the range of about S50*C to about 980 'C 
ard more specifically within the range of 750 *C to 950'C. The electrolytic cell may be heated to the 
d<$,red temperature and the temperature may be maintained during the reaction by external heating andor 
utliztng the exothermicity of the reaction. a 
» The oxygeivcontaining gas which is passed in contact with the solid membrane on the side facing the 
firrt zone can be air. pure oxygen, or any other gas containing at least 1% free oxygen, in another 
erioodiment the cxygen-containing gas contains oxygen in other terms such as N 2 0. NO. NO* SO* SO a 
stuam. COj, etc Preferably, the oxygen-containing gas contains at least about 1% free oxygen, and' more 
poterably the oxygen-containing gas is air. 

s ™° "hicn are seated in accordance with this process of the present invention may 

ccmpnse light hydrocarbons such as methane, natural gas. ethane, or other light hydrocarbon mixtures. A 
mithane^ontaining feed gas. for example, can be methane or natural gas or any other gas which contains 
at least 50., methane. The natural gas can be either wellhead natural gas or processed natural gas The 
composition of the processed natural gas varies with the needs of the ultimate user. A typical processed 
™„ ga f com P° sjtion con^ns a&out 70% by weight of methane, about 10% by weight of ethane. 10% to 
U% of COs, and the balance is made up of smaller amounts of propane, butane and nitrogen 

Thei light hydrocarbon gas feed can be mixed with any inert diluent such as nitrogen. 'helium, neon, 
arijon. krypton, xenon, or any other gas. including steam, which does not interfere with the desired reaction 
Ni rogen and steam are diluents of choice. 

The unsaturated hydrocarbons produced by this process of the invention at the solid membrane surface 
faring the second, zone are. for example, ethylene, acetylene, propylene, butyiene. isobutylene. and 
nurtures thereof. 

(3) The electrochemical process for extracting oxygen from an oxygen-containing gas in accordance 
w. h the present invention is conducted utilizing the electrochemical cell of the present invention. The 
process is generally conducted at a temperature within the range of about 300* C to about 1400* C In one 
embodiment, the process may be conducted in the range from about 500 *C to about 1400*C. In another 
embodiment the processs is conducted within the range of about 700 'C to about 1 100* C. In a preferred 
embodiment, the process is conducted at a temperature of at least about 400 *C and is preferably no 
greater than about 1000 C. and even more preferably no greater than about 900 'C The electrochemical 
ce I may be heated to the desired temperature and the temperature may be maintained during the reaction 
by utilizing a hot flue gas. external heating, and/or utilizing the exothermicity of the reaction. 

The oxygen<ontaining gas which 1$ treated in accordance with the process of the present invention 
nuy be any gas wnicn contains free oxygen and/or contains oxygen in other forms such as N»0. NO. NO*. 



1 1 



u./ ? u/*uu* 14:06 FAX 6302523604 ARGONNE NAT .LABS 



0013 



50 



- 55 



SOa ;l°« "if? <i e ** 8tea^,,, ^ ° r 3 mixtUre of "VSen^taining gases, such as a flue gas ate 
unde, process colons such as saturate, id 2tttt£SZZEZ£ 

. eonjb* of the present invent is «X pu^^'sST^T 8 " ^ ^ 

0.005 to about 5 mol^. ano mora preferably in the range from about 0.1 to about 1 rnol". TmH ZTZ 
caZ^T h n,tr ° 9en ox,des *° »" 10 ^ punfied mafa.ao contain other 

~£ le J£ ^ some S? a 7 ?W<on*nihQ 9 *** «** « Oxygen gas and carton dioxide, for 
6 ° fU0 ' 933 u5ed to Convert «*•• of sulfur and-or nitrogen The inventors 

sfn« StSZZT *T esent T 90 " is particu,arty uJSK^EST 

f l ° 938 ut,hwd * far ,W5 than electricity used in electrolytic crccesLVs^n' 

. Pateot 4,65S - 448 uftder * e Pf6vai,i " 9 — « 933 -^™^f 

-tt.lSE.'IE? 1 ? ? ** CaSSa99way inclu0 *« * 'anthanum. oxides of lanthanum doped 

ox£es THIS, " « ^ ° 3 ° ( ,anthartUm - SMr " «*■*■ * molybdenum and 

be h,g tty reactive towards, and combine with, certain elements in the catalyst examples Un^um^rST 

aX,e toSa ** Per ° VSkit9 stfuca,,e when in «*« ^des of suifur.X 

h^I'^! makin9 3011 US,n9 * eS9 ^V** are we " kno*" '« the art Examples of references 

5-i ?' i 9 * C em ' Pr °°- Re3 - (1982) vo1 - 2t ' PP- Hlbbert et al "Rue Gas 

KX ft %. Rw,i °' So ' fur Dtoxide by Carbon Mon0!rida °" Sulked U^COO, - 

and 2 1^ 3 . ° f ^ PraSam inVenti0n iS 9enera " y cond ««^ at a temperature of at least about 300 ' C 

a^^^T^ ° f ' eaSt ^ 400 C " Tha pfW « temperature is prefer? Z 
aZ^Tn^Ju ^ m ° r ' Prefer36,y 00 9feater «W'C- ™* temperature for a particuter 

bv^Sn ™ ^ 938 Composition cart easily be opfimwd by one of ordinary skill inVe £ 

uooe? 2SL » M d,,,er8nt tBmperatures tar *. opdmum conversion rate temperature? The 
ceTclnln^T^ temperature .s generally Just below the temperature at which me electrochemical 
ceil components decompose into undesired materials. 

^nl!!^ ° f ■ h6 ? n 2 elewochemicai cell may be partially or completely provided by the heat 
h^-Lf? *■ ^ ° f eXhaUSt 9 "' SUCh M S 6 "^ * combustion of hydrocarbon, o^ may 

fl^^ by ^ e « 8maJ M«r,°os of temperature control, including cooting by injecWoJa W 

exhaust gas convective cooling, liqu.d cooling, etc.. may be used if necessary to prevem overhead 
dunng the eiectrocnemical process, and can be accomplished by various means wh.ch EELTESTE 
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Su* means are contemplated as being within the scope of this invention. 

,n,, G !I! 8ral L y ' proC8M °' 0)6 present invenbon * «° nd "cted at a pressure of from about 0.1 to about 

™JZ7£Z2£? pre,erab,y be,ween *" °- 5 to *" ,0 " - — more protefab * 

a. ^fJlf! T ° f th8 ' U " Ur 8nd/0r nitr ° S8n o»'de-containing gas stream through the cell may be varied 
11 S" 9 93 lh8fe iS SUffiCiem ^ 4,16 9" slream * sth *e cathode to obtain me desired 

recucoon ,n sulfur and mitogen oxide emissions. Contact times of from 0.1 to about 100 seconds mav be 
u*d. although contact times of from 1 to 20 seconds are generally sufficient, 

rh„ "° W rat9 ° f ^l rSdUCin9 938 fflay 8,80 * 35 dasir8d 80 ta "S " * a '° « efficient contact by 
the eduang gas w.th the anode to obtain the desired reduction of sulfur and nitrogen oxide emissions 

in the following Examples, oxygen-consuming gases are treated in a laboratory reactor similar to the 
reaaor illustrated .n Rg. 1. The dual conductor membranes used in Examples 1-13 wens prepared as 



ts 



Exsmple A 



The dud conductor membrane used in Examples 1 and 2 below is fabricated by making a disk which 
Pa " ad,um metal 39 * a electronically-conduciive phase and ytma-stabilizad arconia /hereinafter 

20 ^ M th ° ionica,ly ^° ndurtve " hasa - A P°^er mixture of SO% each of palladium oxide and yttria (8 
mo.%VstabiGzed arconia is first made. The powder is then heated in a mixture of hydrogen and nitrogen 
atrrospheres at 400 C for 15 minutes to reduce the palladium oxide to palladium metal. To 4.0 grams of 
fte mixture are added 0.4 grams Carbowax 20MTU (obtained from Supeleo) dissolved in chloroform and 
me resulting mixture is dried at 8S C. The resulting Pd/yttria- stabilized zlrconia Carbowax 20M"~ powder ts 

is pressed into a disk using 80.000 psi applied pressure. The disk is then sintered in air at 1500*C for 30 
minutes. The resultant disk is dense and gas tight The disk is one inch in diameter and 0.03 inch (0 76 
mrr ) thick. 

30 Exa mple 8 

The dual-conductor membrane used in Example 3 below is fabricated by making a disk which contains 
plat num metal as the electronically-conductive phase and YSZ as the ionically-conductive phase 9 52 
grains of Engelhard Platinum Ink (a product of Engelhard Corporation: Cat no. 6928) is diluted with 3cc of 

» alpiia-terpineol and then 2.00 grams of yttria (8 mol.%)-stabilized zirconia is admixed in the diluted ink. The 
mixajre is evaporated to dryness and the terpineol burned off in an oven at 1 00 ' C. The dried mass is then 
puhenzed and 8.49 grams of the dried, pulverized powder is added to 0.94 grams of Carbowax 20MTU 
dissolved in 20cc of chloroform. The chloroform is evaporated off and the remaining powder is dried in an 
ovei at 85 C for about 30 minutes and the powder is lighily reground and seived thmugh a 120 mesh 

o seiv e. Then 5.00 grams of the seived Pfyttrla-stabilized zircor.ia/Carbowax 20MTM powder is pressed into a 
disi having a diameter of 1-3/8 inch (3.50cm) using 60.000 psi applied pressure. The disk Is then heated at 
a rnte of 1-1 2 C/minute to 1650 C. sintered in air at 1650* C tor two hours, and cooled at a rate of 
4 (i'minute. The resultant disk is dense and gas-tight 

5 

E xa Tipie C 

The dual-conductor membrane used in Example 4 below is fabricated by making a disk which contains 
a combination of lanthanum, chromium and magnesium oxides as the electrically-conductive phase and 
' YS<: 38 fanically-conductivB phase. A powder mixture of 0.25 grams MgO. 5.52 grams CrOi and 10.00 
grams la 2 0, is first made. The powder is then dried at 100* C and recnjshed. Then 5.0 grams of the 
resulting La(Cr,Mg) powder is added to a hot aqueous solution containing 0.5 grams of B,0 3 and the 
resulting solution is then dried and crushed to a very fine powder. Then 4.5cc of the B-MgLaCr powder is 
admixed with 4.5cc of yttria (8 mol.%)-stabilized zirconia followed by 10 weight percent Carbowax 20MTM 
disjolved in chloroform. The resulting mixture is then dried and recrushed into a powder mixture. 4.0 grams 
of Die powder mixture is pressed into a disk using 60.000 psi applied pressure. The disk is heated at a rate 
of I om 1 C to 2 Cmin. to 1400* C. sintered in air at 1400* C for a total of 45 minutes, and cooled at a 
rate Of 3.9 Cmin. The resultant disk is dense and gas tight 
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Examp le 0 

S dance with Example 3 above which 1 s n Z,? ; 'omcaiiy-conductive phase in accor- 

pra^odymium. yttrium. S^ m ^aUcZ ^SIZF " °" **** ^ ^ 

aqueous solution containing 0-218 grin, pS^a ?™** " TS? 1 * apP¥ ° 9 0 ,cc <* 30 
Ytt4fcb-«*0 per cc of watTr to o^surfa^ o h 'v 11 ^ * < N0 *' 8H > 0 - ■* 04)118 grama 
under air. $urface of * e **• The ** « tfw dried and heated to 1 100* C 



Example E 



30 



35 



-d,^ phase. ET^rfflS ^T^^T^a,?^ *" 
grams of yttria (8 moi^j-staemzed zirccnia oowdL innS rtTSalfL 9 ?^ * PTi0 " p0wd8f ' 
dhpMha agent commercially JStaSS r?tL^lfS! W H,0> ^ *° M °' Da,van C * 
and am grinding media * rnM ™„?L, S^W. ^ * Norwa0t - <*™**ort) 

w«ght percent CerOowax 20M £ SiSin" 2£ ^ IS ^ * « 10 

removt the chloroform The Mwdar miZTiJ V totaI m,xtur9 '» again dneo at 100'C to 

a disk using aSSfJ iJUS^2T£ dis* fcT^ I, 40 ^ °' ** " into 

iS50*«i. sintered in £ a Tsso*c7o*TL« ^ZZ??"* * °' from " C w 1 ' Cmi "- <° 
and ga, tight and has a L dLeter of 3 ,2cm ^ * ' * 1 ^ ^ * ^ 

P^dtSd^^^ *? ™«™ - *• « — r membra 

correspond to the two phases of ^l^L ™gn,ficabon .a shown in Fig. 4. T*o regions that 
regions comprise the ox^on tLZZl fZ S£tt^f ^ 
adsorpiion mapping. The thin smXrafoeo IrtS^SJC if^ * rCO " ,a - 35 confirmed •» *«* 
center of the nMoo« ^.KSTLS^- k 9 bottom in the 

A «econd .S, 11 • 8lectron,ca, y conductive phase comprised primarily of indium ox.de 

5.00$ S bTTSS h? T membfana °' 5 ™ ^on^agn,-^ 

Phase « V^ ^?Z?£2Z * « ■ "* !* e!ec,ronical, y condu «"g indium^onLng 



*o Exampfi) F 



so 



^ is then „ow,y heated to about W 'C *C£ 

hours aidcooled 5l£l?3? C at 7£ J n p^r C ' mainttine<3 « 1200 ' C for about 5 

tight 8 ° f 3b0ut 0,9 Cm,n ' 7119 resu,tant n»emtjrane is dense and gas- 



Example Q 
ss ~~ 



jv„ » 10 maJl9 8 composition having me formula La s Ca,CoO,. 

The foitowmg Exam P ,e, H-L illustrate preparadon of so-id mempranes according to the atovooeacribed 
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thsrmaJ decomposition of nitrate and/or acetate salt method. 



E .ample H 
s ~ 

About 20.0 grams of lanthanum acetate, about 49.35 grams of strontium nitrate and about 72.61 grams 
of cobalt acetate are dissolved in water. The solution is evaporated to near dryness on a hot plate wnile 
stmng. The concentrated mixture is then heated at 450* C for one hour in air. The resulting powder is 
ground in acetone and then calcined at 1150*C in air for 5 hours. The resulting powder is ball milk* «„ 

io at atone containing 3 drops DarvanCTW dispersing agent using tfrconia grinding media for 20 hours. The 
ptwder suspension is dried at 200 C. 10 weight percent Carbowax 20MTu in chloroform is admixed and 
thi total mixture is then slowly dried on a hot prate while ssimng. followed by further drying at 90 " C in an 
oven. The resulting powder is crushed with a mortar and pestle and sieved through an 80 mesh screen 
fw grama of the resulting powder is pressed into a desired shape using 60.000 psi applied pressure. The 

rs sf aped mixture is then slowly heated to 600* C to bum out the CarbowaxTM binder, and is then heated to 
UO0 C at a rate of about 0.6" C-min and maintained at 1200* C tor about 5 hours and permitted to cool. 
Tlie resultant LajSr 4 CoOs ABOi-type multi-component membrane is dense and gas-tight. 



20 6 ample J 



25 



A solid membrane is prepared according to the method of Example H. except iron acetate Is substituted 
fo cobalt acetate at an equivalent molar amount of metal ion. The formula representing the product may be 
stressed as LajSr.jFeOi. 



& ample K 



A solid membrane is produced according to the method in Example H. except that iron acetate ana 
n chromium acetate are substituted for cobalt acetate in amounts such that the molar ratio of iron to 
chromium is 4.1 and the total molar content of iron and chromium is equivalent to the number of moles of 
ccbalt The products produced may be represented by the formula La»Sr,F»,Cr,Oa. 



35 & ample L 

A solid membrane is produced according to the method of Btample H. except that gadolinium acetate 
is substituted for lanthanum acetate at equivalent molar amounts of metal ions. The products produced may 
bs represented by the formula Qd^Sr^CoOa. 

<o Preparation of solid membranes by the above-described citric add preparation method is illustrated bv 
& ample M below. 



B ample M 

<s 

A La^Sr,Fe. B Cr,Co.,Oi ABOj-type multicomponent membrane is fabricated from the nitrates or 
ac states by mixing them in a citric add solution. About 30.0 grams of lanthanum nitrate. 60.96 grams of 
strontium nitrate. 117.85 grams of iron nitrate. 14.58 grams of chromium nitrate. 10.81 grams of cobalt 
nil-ate and 138.71 grams of dtric acid are dissolved in water. The solution is placed in a round glass flask 
» and mixed on a rotating evaporator under vacuum, at 80* C until the mixture thickens. The liquid is poured 
mla an evaporating dish and dried in a vacuum oven, at 110'C. under a partial vacuum for 20 hours. The 
powder is crushed and then calcined in air at 200' C for 1 hour and then at 900* C tor 24 hours. The 
pc*der is placed in a plastic jar and ball-milled in acetone containing 3 drops of Darvan CJU dispersing 
ag9nt with zirconia grinding media for 24 hours. The powder suspension is dried at 90* C. 5 weight percent 
C.rbowax 20MUi i n chloroform is admixed, and the total mixture is then slowly dried on a hot plate while 
stinng. followed by further drying at 90* C in an overt. The resulting powder is crushed with a mortar and 
pestle and sieved through a 60 mesh screen. Four grams of the resulting powder is pressed into a desired 
shjpo using 37.500 psi applied pressure- The shaped mixture is slowly heated to 600* C to bum out the 

IS 
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CartowjxTM tunder. and is then heated to 1200'C at a rate of about 0.6'Cmin and maintained at .200*0 
tor abott 5 hours and then permitted to cool. The resultant membrane is dense and gas-tight 

Eacn dual-conductor disk of Examples A-M above is bondad between two crunch diameter YS2 
tubes. One end of this assembly is fitted with a quarto>lined stainless steel feed tube tor introducing the 
0 ^S e n consuming gas and the other end of this assembly is fitted with a stainless steel teed tube tor 
f^Sl^&t* ox yf w ^ ontainin 9 Sas. in each of the following Examples, the assembly is placed in a soiit 

oxides lasted .n Samples 7-13 is determined by feeding eOccmin of a standard fuel mi* to the fuel side of 

to ^ nS i^ mm 1 ° f * * * e oppo * te B ' de 01 * e disk - ana, V* n 0 «• 5» composition e»ting the 

^ Jl 1° **" V0,Ume ^ COj ' C0 ^ N ' "»» « 5* chtomatograph. and measuring the 
vohwie Percent of water in the effluent by collecting tor water with a dry k»acetone trap from the gas 
exiting ha fuel side of the disk. The following formulae summarize how total oxygen flux and oxygen flux 
per unit surface area are calculated: 

Total Q . flux ={0, in effluent) + (Oa in effluent as H 2 0)-(Oj in feeeXOa leakage) 
rs Oj inelFluent "(Flow rate out)x((%CO2) + 0.5x(%CO)> 100 

0 2 in e fluent as H 2 0 * (grams H 2 0 collected hr)x(t mol H 2 0."i8 g H 3 0)x(1 mol Oj 2 mol H 2 0»x(24.200cc 

O? mol Dj)x(1 hrSO min) 

Oj in fa ad =(flow rate in)x(%COj in feedVtOO 

Oa ieafcige in effluent (based on «fcN 2 ) = <ftow rate out)x(2l% 0 2 -79% Njfc (°i N 2 H00 
20 Ojflux rer unit surface area = Total 0: flux-surface area of membrane exposed to fuel 'mix'. 

Unhiss otherwise specified herein, all parts, percents. ratios and the like are by volume at standard 
temperature and pressure (STP. 2S C and 1 atmosphere). When temperature or pressure are not specified 
herein. :he temperature is room temperature (about 25 ' Q and the pressure is about one atmosphere 
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Example 1 



Ths reactor assembly containing the Pd/YSZ dual conductor membrane of Example A .3 heated to 
1T00 C with nitrogen fed at a rate of about 60cc per minute to the side intended tor the oxygerxonsuming 
so gas anc air fed at 200cc per minute to the opposite side of the dual-conductor membrane intended tor the 
oxygen, containing gas. The nitrogen siream is then replaced with a gas containing 90 parts hydrogen and 
10 parts argon supplied at a rate which delivers 6i.0cc per minute hydrogen gas at STP. The effluent gas .s 
passed Ihrough a cold trao of dry-ica acetone {-78* C) to collect the water produced and then through a gas 
collecto 1 tor gas chromatography analysis. The hydrogen-argon gas mixture is fed to the reactor for three 
35 hours, and 1 .23 grams of water is collected during that reaction time period. 

Gas chromatography analysis shows 00 nitrogen, indicating that there is no leak of air into the reactor, 
and thai alt the oxygen is transported through the dual-conductor disk. 

The surface area of the disk exposed to hydrogen is 2.2 cm* and the amount of oxygen transported 
through the disk is equivalent to a current density of 550 mAem 2 . j ^ ) 

Exampli i 2 

The reaction process in this Example is conducted in the same manner as in the preceding Example 1. 
«$ except ihat the hydrogen^rgon gas mixture is replaced by a gas mixture containing 17 parts methane and 
83 part! nitrogen. 

Gas chromatographic analysis of the vent gas reveals that a S4% yield of carbon monoxide is obtained 
mixed v im hydrogen in a 12 molar rauo. The amount of oxygen transported through the disk is equivalent 
to a cur ent density of 531 mA/cm*. 

The above result shows that nearly quantitative conversion of a mixture of hydrocarbons to synthesis 
gas can be obtained without an external circuit for the flow of electrons. 



so 



Exampli i 3 

ss 

The reaction process in this Example is conducted in the same manner as in the preceding Example 1. 
except that the dual conductor membrane is replaced with the PtYSZ membrane made according to 
Examph. B. the hydrogen-argon gas mixture is supplied at a rate which delivers 8l.8cc per minute 
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hy drogen gas at STP. and the hydrogen-argon gas mixture is fed to the reactor tor two hours and mim, 

minutes. The reactor produces 0.3e grams of water. ** 

m,.,!! , h e ^ r ? C ! 8,98 ° f ?* diSk wpowd 10 hydr °9 M is , - 0cmJ •he amount of oxygen transported 

thi ough the disk is equivalent to a current density of 463 mArcm* ranspcrted 

s 

Example 4 



is 



The reaction process in this Example i 5 conducted in the same manner as in the preceding Examole i 

wrih Example C the hydrogen-argon gas mixture is fed to the reactor over a period of one hour and oTS 
gn *ns of water is collected during that reaction time period. 0 

«h, ^H^-f 63 °' * a di$k eXP0S8d 10 hydr °9 en « 2 - to " a «* amount of oxygen transported 
thr augh the disk is equivalent to a maximum current density af 1 1 4 mAcm» ^ ° 



Example 5 



so 
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«JJ*fIT2? " ln tt » Exampto is conducted in the same manner as in the preceding Example i. 

ex.apt (a) the duai-conductor membrane is replaced with the PrYZr-BMgUCrO,YS2 membrane made 

ar»n,um comes in contact with the hydrogen-argon gas mixture, (b) the hydrogens*** igas mLrture «w 

arm, ZSZJ? T {Run A) *" f< * 3 Of^hourc <Run1>. SmW *oS 

gr: ms and 0.22 grams of water are collected during Runs A and B, respectively 

ftr^h J?52 °' *!* ^ MP ° Sed t0 hydr098n is 2j8m '- W mat amount ° f «W* transported 
thnugh the disk is equivalent to a current density of 114 mA/em* tor Run A and 1 17 mA-cm* for Run B 



Extmple 9 



a *,JJ IT? 0" P~cess <n this Example is conducted In the same manner as in the preceding Example i 

t^^T membW9 * r9P,8Ced Wim 1,19 Pr,o0 ' YS2 ^mbrane^elccoSg to 
Example E. the hydrogen-argon gas mixture is fed to the reactor tor two hours, and 0.90 grams of water is 
colected during that reaction dm« period. 9 
.„ , ^ chromatography analysis shows no nitrogen, indicaling that there is no leak of air into the reactor 
anil that ail the oxygen is transported through the dual-conductor disk. 

inn^m^-"** 01 diSK eXP ° 5ed 10 hydr09e " iS 2 - 2cma 30(1 amount of oxygen lranspo«ted 
thniugn the disk is equivalent to a current density of 601 mA'cm*. 



Exiimpie7 



0 „ ™ rt \Z° ?^^ of Example F is placed on a 330 stainless steel supcrt plate in the furnace. Coming 
* E , J?^? ] 13 m,XOd W,th W3ter ,0 make a oaste - A th,n ,a y» r of P*to Is then coated on the 
, t? * 3 2,rC ° nia * mu,We 1009 is m * ft 0,ace<3 00 *• disc - a«owing <ne wet paste to form a 
III ; , Bnd " heated in the ^'"ace. At 925* C the ground glasa melts to form a leak 
jght seal between the disc and tube. The reactor is then heated to the desired temperature with nitrogen 

' h^JL J! ** °' m * ° ,SC (tUbe side) "« * ,ed t0 *• <W** side. Once the disc is at the 

oe.ired temperature, the nitrogen feed is replaced with fuel tor measuring the oxygen flux. The conditions 
so for measurement are 1 100 C. SOcc/min fuel fed to the sealed side of the disc, and 20Gcc/min of air fed to 
2i° 5 t P ?n ,Jtt °' ^ *1 C ' 71,8 di3C is tested w,h a « anda «* 'mix- which consists of 57% H,. 

ii.STg wuz, 16.5% Cm, 5.0% Ar. 
$s Examples 8*13 

T*e reaction process of Example Nos, 8-13 is conducted in the same manner as preceding Example 7 
except me solid membrane of Example 7 is replaced with the solid membranes of Examples G-M 
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re ^^n^?r^c dSOna h ^P' 9 *»• « the same as in Examp.e 7 
Ihe oxygen flux data for Example Nos. M 3 is summarized in Table I belo-T^ 



ss 



Table I 



Oxygen Rux Oata 



mJ% 

to 


Example 
No. 


Membrane Composition 


(cm 2 ) 


\ " ' 
r Draft 

j ^rep. 
Method 


Flux 

ICC- mm X 

on 2 ) 


IS 


7 
8 
9 

10 

11 

12 

13 


La ?Sr jCoO> 
LajSr^FeOj 
^2Sr fl Fe B Cr 2 0j 

La^SffFoiCr^iOj 


0.8 
03 
0.S 
0.8 
1.4 

0.6 ; 


A 
A 
B 
5 
B 
8 
C 


19.5 
21.0 
30.7 
19.8 
73 
83 




SA » Surface Area Exposed to Fuel. 





Powder Preparation Methods: 
A * Oxide Prep. 
8 - Thermal Decomposition of Nitrates or Acetates 
C » Citric Acid Prep. 



ao specifiation. Therefore, it is to be understood that to TiZLnL T^iT^t upon rMdin 9 *• 

morons as fail within the soope of SJ££22 CZ " " '"^ 10 ^ SUC * 
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Claim, i 

1. A solid multi-component membrane charactenseo hv an mm**** ^ 

m.xturM of an olectronically^onductive oh« a S 1 ? " * Qas-mpervtous. multiphase 

eiectrenically^onductiye ^^^1 2E? JE w5n ^ onductiv0 herein the 

oxide, a praesecdyrZ^ S ' ^ paJ,adiUm ' M ^ ruthenium. b*muth 

mlxtun,. ^ ruobium^tanlum oxide 

the oxrgen ion^uc^r^JT^ Perovskrte structure, or a mixture thereof and or 

(A) preparing en intimate multi-phase mixture of at least one material whw-h 
conduct* and at .east one oxygen Conductive material. ^ 
13) forming the mixture into a desired shape, and 

** tem,ea " " Bm >»™"» *' '•■St about 500* C to form a dense and «*, 



is electronically. 
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(Q to/ming the reduced mixture into a desired shape, and 

(D) heating the formed mixture to a temperature of at least about 500* C to form a dense and solid 
me mbrane. 

4- The solid membrane defined according to any one of the preceding claims wherein the solid 
5 membrane compnses an intimate, gas-impervious, multi-phase mixture consisting essentially of from about 
1 t) about 75 parts by volume of the electronically-conductive phase and from about 25 to about 99 oarts 
by volume of the ionicaily-conductrve phase. 

5. The solid membrane of claim 1 wherein the electronic*Jly<onductive phase comprises a mixed metal 
oxi Je of a perevskrte structure comprising nickel, cobalt copper, or a fln-indlum oxide mixture, or a mixture 

to the ceof. 

6. An electrochemical reactor cell for reacting an oxygen-consuming gas with an oxygen-containing gas 
m .in environment containing either the oxygen-consuming gas or the oxygen-containing gas. characterised 
by a solid multi-component membrane having an entrance end. an exit end and a passage therebetween for 
the movement of one or more gases from the entrance end So the exit end. wherein the solid membrane is 

is defined according to any one of the preceding claims or comprises a gas-impervious mixed metal oxide 
matenaJ of a perovskite structure having electron conductivity and oxygen ion conductivity, provided that 
the solid membrane contains iess than t3 mol* bismuth, cerium or mixtures of bismuth and cerium. 

7. The electrochemical reactor cell of claim 6 wherein the solid membrane ia a solid cylindrical core 
haft mg a circular passage for the movement of one Or more gases therethrough. 

20 8 - 7,16 electrochemical reactor ceil of ciaim 6 wherein the reactor cell comprises a catalyst 

9. The electrochemical reactor ceil of daim 6 wherein the solid membrane is on a solid oas-permeable 
suf port 

10. The electrochemical reactor cell of claim 6 wherein the mixed metal oxide material of a perovskite 
structure comprises a combination of elements selected from the group consisting of lanthanidee. namely 
La. Ce, Pr. Nd. Pm, Sm, Eu, Gd. Tb. Dy. Ho, Er, Tm, Yb and Lu. alkaline earth metals, namely Be. Mg. Ca. 
Sr. and 8a, Y, Sc. Ti. V, Cr. Mn. Fe. Co. Ni, Cu, Zn. Zr, and Nb. oxides thereof, and mixtures of these 
meals and metal oxides. 

11. An electrochemical reactor for reacting an oxyygen-cansuming gas with an oxygen-containino oas 
chcracterised by: " 9 * 

a siell having an entrance end. an exit end and a passage therebetween for the movement of one or more 
ga:es from the entrance end to the exit end. ana 

at Isast on electrochemical reactor cell positioned within the shell having an entrance end. an exit end and a 
paisage therebetween for the movement of one or more gases from the entrance end to the exit end. so 
tha the shell and the reactor cell together form a first zone tor introducing, reacting and expelling a first gas 
is or jas mixture and the passage through the reactor cell forms a second zone within the electrochemical 
realtor for introducing, reacting and expelling a second gas or gas mixture, 
whnretn the electrochemical reactor cell is defined according Co any one of claims 6*10. 

12. The electrochemical reactor of claim 11 wherein the electrochemical reactor comprises a catalyst on 
a Sjpport in the first zone. 

<o 13. An electrochemical process for oxidising a gas capable of reacting with oxygen characterised by 

(A) provi<Sng an electrochemical reactor cell comprising first and second 20nes separated by a solid 
mu ti-component membrane, as defined according to any one of claims i-S. or defined according to any 
ong of claims 6*10. 

(B) heating the electrochemical cell to a temperature of from about 300* C to about 1400 # C. 
<5 (C) passing an oxygen-containing gas in contact with the membrane in the first zone, and 

(D) passing a gas capable of reacting with oxygen in contact with the membrane in the second zone. 

14. The process of claim 13 conducted at a temperature of about 1000* C to about 1400* C. wherein 
the gas capable of reacting with oxygen is methane, natural gas. ethane, or other light hydrocarbon gas, or 
a rr ixture thereof, and further comprising 

so (£) recovering synthesis gas from the second zone. 

15. The process of claim 14 wherein (0) comprises passing a methane-steam mixture in contact with 
the membrane in the second zone. 

16. The process of claim 13 conducted at a temperature of about S50*C to about 950 *C, wherein the 
gas capable of reacting with oxygen is methane, natural gas. ethane, or other light hydrocarbon gas, or a 

55 mix curs thereof, and further comprising 

(E) recovering one or more unsaturated hydrocarbons from the second 2one. 

17. A process for extracting oxygen from N 2 0. NO. NO*. SO* and or SOj characterised by the process 
of claim 13 wherein step (C) comprises passing a gas containing NjO. NO, NO*, SOa. or SOj. or a mixture 
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thereoi , in contact with the membrane in the first zone. 

ion*:™* ITOC08S °' d3im 17 COnducted * 8 tem Perat"n» in the range from about 300* C to about 
5 tensed 6leCtr0Ch8mica ' ** P***** hydrogn cyanide from methane and ammonia charac 

mum^lUT*!" 9 an u e ' eCtr0 ^ emica) reactor «" comprising first and second acnes separated by a soOd 

i B) healing the electrochemical reactor cell to a temperature of from about 1000* C to about14O0 " C 
iC) passing ar oxygen-containing gas in contact with the mambrane in the first zone: 
ID) passing methane and ammonia in contact with the membrane in the second zone: and 
<E) recovering hydrogen cyanide from the second zone. 
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FIG.3 
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